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ABSTRACT

The National Aeronautics and Space Administration (NASAgtiMe
Run (NR), released for use in Observing System SimulatiopeEments
(OSSEs), is a 2-year long global non-hydrostatic free-ngsimulation at
a horizontal resolution of 7 km, forced by observed seaasertemperatures
(SSTs) and sea ice, and inclusive of interactive aerosaldrane gases. This
article evaluates the NR with respect to tropical cyclon€)(&ctivity. It is
emphasized that to serve as a NR, a long-term simulation lneLegible to pro-
duce realistic TCs, which arise out of realistic large-sdatcings. The pres-
ence in the NR of the realistic, relevant dynamical featunes the African
Monsoon region and the tropical Atlantic is confirmed, alevith realistic
African Easterly Wave activity. The NR Atlantic TC seasomsyduced with
2005 and 2006 SSTs, show interannual variability consistatthn observa-
tions, with much stronger activity in 2005. An investigatiof TC activity
over all the other basins (eastern and western North Padibich and South
Indian Ocean, and Australian region), together with rai¢edements of the
atmospheric circulation, such as, for example, the Sonedladd westerly
bursts, reveals that the model captures the fundamentattsspf TC sea-
sons in every basin, producing realistic number of TCs wetlistic tracks,
life spans and structures. This confirms that the NASA NR isrg guitable
tool for OSSEs targeting TCs and represents an improvemigntraspect
to previous long simulations that have served the globabapheric OSSE

community.
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1. Introduction

Observing Systems Experiments (OSES), also known as ‘ohggadt studies’, represent a proce-
dure to explore the impact of axistinginstrument on a given forecasting capability. OSEs require
a comprehensive set of observations, a Data Assimilatiste8y(DAS) and a forecast model. At
least two sets of parallel analyses are produced by assimgil®) the comprehensive observational
data set (ideally comprising all the data operationallydyised b) the same observational set with
or without the data from the specific instrument whose imgbeing investigated. Correspond-
ing sets of parallel forecasts are initialized from eacho$einalyses, so that their different skills
can be assessed with various metrics against some vagidatalyses.

In contrast, Observing SysterSgmulationExperiments (OSSES) are often used by atmospheric
scientists and instrument developers to evaluate the patténpact of afutureinstrument. With
respect to OSEs, an OSSE framework requires a ‘Nature RUR) é@dd a methodology for sim-
ulating realistic observations, in addition to the DAS aacktast model. A NR is a free-running
simulation produced by a state-of-the-art model, and ipss@d to satisfy many stringent require-
ments, one being ‘a realistic climatology consistingedlistic weather patterrigMcCarty et al.
2012). The NR is needed to extract simulated synthetic @asens of a future sensor which are
assimilated, together with the simulated observationb®@giisting sensors, in the DAS, produc-
ing sets of analyses from which forecasts can be issued.

One fundamental difference between OSEs and OSSEs is tB83ks the ‘true’ atmospheric
state is precisely known from the NR. Consequently, insant@rrors can be explicitly formu-
lated and OSSEs can be also used to explore analysis ettistisseof already existing observing

systems (Errico et al. 2007). For a comprehensive reviewSBEs see, among others, Errico et
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al. (2013), Privé et al. (2013a), Privé et al (2013b), Awdal. (2015), Ma et al. (2015), Hoffman
and Atlas (2016).

The purpose of this article is to evaluate the realism of #he A-km National Aeronautics and
Space Administration (NASA) NR with respect to tropical loye (TC) activity. Two caveats
are necessary. First of all, it is important to clarify thdetent Instrument Science Teams may
have different requirements for a NR to be considered t&ali$his particular assessment aims
at demonstrating that this new NR can: a) produce realisiis ffom realistic large-scale forcings
and b) represent features at scales of about 15 km aroundABGsich, the Science Team for Cy-
clone Global Navigation Satellite System (CYGNSS) or otkams focused on comparable future
instruments could benefit from this NR to produce realist®SEBs focused on the prediction of
wind features around high-impact weather systems, suclCasafd intense extratropical distur-
bances. Teams performing OSSEs for measurements at muwr nggolution could still benefit
from this NR by using it as a forcing for downscaled simulasipstrategy previously documented
by Nolan et al. (2013).

Second, the terms ‘evaluation’ and ‘assessment’ are peeféo ‘validation’ in this work. The
reason is that a NR cannot strictly be ‘validated’ as an aétwacast can be. In fact, being a free
simulation forced by sea surface temperatures (SSTs) andeseweather events in a NR cannot
match corresponding actual weather events, since the nyeshonitial conditions is lost within a
few weeks. Time in the NR does not correspond to factual tereept that we may expect some
statistical similarity on an interannual basis due to thed &ST and sea ice that are used. The
evaluation of NR therefore comprises two steps: an ovesakkssment of its statistical properties,
as complete as possible (which is not the subject of thislajtiand a verification that these
statistics arise out of instantaneously ‘meaningful’ etadf the atmosphere. A phenomenological

approach showcasing comparisons between weather evahis MR and weather events in the
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real world is one way to investigate instantaneous statéiseodtmosphere. These comparisons
are the focus of this article.

The article is organized as follows: Section 2 discussesd®3etected in previous NRs; Sec-
tion 3 provides a general description of the new NASA NR anthefextensive team evaluation
effort which has already been carried out; Section 4 focasemn examination of NR TC activity
compared to observations over the various basins (Atlagéistern North Pacific, western North
Pacific, North Indian and South Indian Oceans, Australigmord. Elements of the circulation
which are important in TC formation or in controlling the T@#ution are also discussed. Lastly,

Section 5 states the conclusions of this work.

2. Tropical Cyclone Activity and Structure in previous Nature Runs

Considering the cost of spaceborne instruments, a reagistimate of their potential benefit is
exceptionally important, hence the ‘political’ and econcahimplications of OSSEs. However,
in order to be realistic and credible, a standardized OS&MEdwork would be desirable. OSSEs
do not provide the desired benefit if different investigatoerform them for the same instrument
and obtain contrasting results.

An important source of discrepancy in OSSEs can arise outeotise of different NRs. Even
if the same NR is used, OSSEs credibility could be hinderethbyse of: a) NRs whose quality
is not sufficiently good or whose resolution is inadequajeNBs whose realism have not been
investigated in depth; c) NRs which are too close to the fmsemodel, potentially resulting in the
so-called ‘identical twin problem’ (Atlas 1997).

Ideally, the NR should be as far from the forecast model asrtieeatmosphere (Hoffman et al.,
1990) is. Aside from the difficulty of attaining this goalgtlereation of a NR for widespread use

is a nontrivial matter. The NR should be among the best plessiimulations available at a given
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time. It should also be evaluated by, distributed to, andeshwith, a large OSSE community. To
produce a global Nature Run with these requirements is aéimgand extraordinarily computa-
tionally expensive task that only few centers in the world aéiord. For this, among other reasons,
multi-agency collaborations to standardize OSSEs weesngied as early as the mid-80s (e.g.,
Atlas et al. 1985; Arnold and Dey 1986). With this frame of thia renewed international infor-
mal collaboration, often referred to as ‘Joint OSSE’ prgjeetween scientists in different agen-
cies and centers including, but not limited to, the Europ€anter for Medium-Range Weather
Forecasts (ECMWF), the National Ocean and Atmosphere Adimation (NOAA), NASA, was
initiated in the mid 2000s (Masutani et al. 2007; Kleist add P015). As part of this collabo-
rative effort, the ECMWF produced and released in 2006 ay@ae-long NR to serve the OSSE
community.

The ECMWEF NR, hereafter referred to the ECMWF T511 NR, wasipced at a T511 wave
truncation, corresponding to an actual resolution of ald@ukm at the Equator and was docu-
mented, among several others, by Reale et al. (2007), Masettal. (2010), Andersson and
Matusani (2010) and McCarty et al. (2012). Amidst many @utding and unprecedented quali-
ties, the ECMWEF T511 NR was arguably considered the firstifueaing long simulation, forced
by prescribed 2005 SSTs and sea-ice, which produced atiealepiction of TC activity. The
TC activity was considered ‘realistic’ because: a) the agerclimatological factors that are con-
ducive to cyclogenesis were present, and b) the frequemstyjbdition, life cycle, and track of
TCs were within observed climatological values. The teaalwation of the ECMWF T511 NR
demonstrated not only that TCs were present, but that thigynated out of realistic and very
specific weather patterns associated with TC genesis inyre@he evaluation also showed that
TCs produced by the ECMWF T511 NR underwent realistic evaiuéind decay, including dissi-

pation, landfall, extra-tropical transitions and binaoytex interaction. Moreover, individual TCs
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displayed an overall realistic structure in terms of vaitalignment, presence of a warm-core,
low-level winds in excess of 5ts ! and an eye-like feature (i.e., a virtually windless column)
as shown by Reale et al. (2007). While the eye-like feature hvaader and more diluted than a
real TC eye, due to limited T511 horizontal resolution, ti&VMBVF T511 NR nevertheless repre-
sented a remarkable modeling achievement and has beengasvan invaluable tool for several
years. Among others, the NOAA Earth System Research LatbgralSSE capability (Privé et al.
2013c), the NASA Global Modeling and Assimilation Office (@) OSSE baseline (Errico et
al. 2013) and framework (Privé et al. 2013b) had been boithe ECMWF T511 NR.

However, since 2006, with the exponential growth in higld-eamputing resources, the associ-
ated increase in global models’ resolution, and the steagynantation of new sensors’ capabili-
ties, there are multiple reasons to create a new nature i8ANhas a special interest in OSSEs,
because they enable instrument developers to conceiudy jasd develop new sensors. Aside
from assisting the design of a future sensor, OSSEs are alsssential tool for Science Teams
of instruments which are already designed and scheduleditwh, but not in space yet, because
OSSEs can be used to design, develop, and test the new datdags procedures needed to
maximize the lifetime utility of the new sensor. An exammlecumented by Annane et al. (2015),
is focused on the mission CYGNSS, which has an expectedhanr@ctober 2016.

Pressed by these needs, a number of long simulations aagwegeresolutions have been pro-
duced over the years by the GMAO with a similar configuratmthe ECMWF T511 NR: initial-
ization in May 2005, prescribed SSTs and sea ice, but withritegration extending more than
two years in order to have a measure of some interannuabigsiaComprehensive assessments
were performed by this and other teams.

From the point of view of TCs, which are the focus of this aetigarticularly noteworthy

was the 2-year cubed-sphere ¢720 simulation at 14-km haakeesolution (Putman and Suarez



154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

2011). It represented an important advance, in that it predunot only a reasonable number of
TCs, but also a very good representation of the interannar@éwmlity in TC activity observed

between 2005 and 2006. Additional GMAO two-year simuladiovith the same settings, but
at 10 km resolution, were also produced and provided fuithprovement (not shown). These
long simulations and others were all evaluated as potenézgl-generation NRs but ended up
representing only intermediate steps towards the NR tlettawlly was publicly released in 2015

by the GMAO, and which is the subject of this investigation.

3. The 7-km NASA Nature Run

a. General description and comprehensive team evaluation

The new NASA NR, produced with a cubed-sphere non-hydiostatsoscale version of the
Global Earth Observing System, version 5, (GEOS-5) modealescribed in great detail in the
comprehensive NASA Technical Memorandum (Gelaro et al520&hich is a public document
available online. The GEOS-5 NR (hereafter referred to d$f5%was run with a cubed-sphere ge-
ometry of 1440« 1440 grid cells (c1440) within each of the six faces of thergonic cube-sphere
grid (Putman and Lin 2007) nearly uniformly distributedand the globe. This corresponds to a
horizontal resolution of about 7km around the equator (A0km/(1440x 4 grid cellsyx 7km.
The G5NR is thus capable of partially resolving featuresmallsas mesoscale complexes and
TCs.

A major collaborative effort, involving several months obsk by a multidisciplinary team of
about 25 scientists, was necessary to evaluate the G5NRarsfiihis effort, Putman (2015) pro-
vides a general overview of the model aspects and an ovexstlightion of the type of phenomena

that can be represented in the simulation. Privé et al (Rl a general statistical evaluation
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of wind and temperature, inclusive of spectral analysisngaring it with reanalysis data and
confirming the overall realism of the NR. Molod et al. (2018yeastigate in depth humidity and
precipitation fields, comparing the G5NR with both reana$yand observational data sets. Draper
et al. (2015) investigates the surface characteristiea femd, ocean and ice perspectives. Norris
et al. (2015) performs an evaluation of clouds and radiaitiothe NR against Clouds and the
Earth’s Radiant Energy System (CERES) and Cloud-Aerostdil with Orthogonal Polarization
(CALIOP) data. Ott et al. (2015) produces an assessmenteofegiresentation and realism of
aerosol and trace gases in the NR. It should be emphasizathi¢haeatment of radiatively active
aerosols and trace gases is a novel feature for the OSSE auitgnmiade possible by the inclu-
sion of the Goddard Chemistry, Aerosol, Radiation and TpartsModel (GOCART, Chin et al.
2002), which is coupled with the GEOS-5 radiation code (@mlat al. 2010). From the perspec-
tive of TCs, which are the subject of this article, previouzkvhad demonstrated that the impact
of interactive treatment of Saharan dust improves the sgotation of the African Easterly Jet in
the GEOS-5 (Reale et al. 2011) and affects tropical cycleteprocesses (Reale et al. 2014).

Aside from the evaluation of a NR’s comprehensive staastproperties, which may differ
up to a certain acceptable threshold (within observed abtariability) from the corresponding
properties of the real atmosphere, it is important to evalaay NR from a phenomenological
perspective, i.e., focusing on snapshots of specific weathants. While these events cannot cor-
respond to actual events occurred in the real world, thegniesless must constitute an acceptable
representation of something ‘possible’, falling withirettange of observed phenomena.

In fact, OSSEs are often carried out by targetimgspecific weather event simulated in the NR.
Analyses are created by assimilating synthetic obsemstixtracted from NR states preceding

that specific event, and forecasts can be initialized froms¢hanalyses. Therefore, an OSSE can
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give information on whether the addition of a new sensor cdranece the ability to ‘predict’ that

event, using the NR as a validating ‘truth’.

b. Weather phenomena and possible use of the G5NR

Aside from TCs, which are the subject of this article, it ipontant to mention that the G5NR
has been investigated also from the point of view of othertheraphenomena that may be of
interest to scientists developing OSSEs.

For example, Putman (2015), discussing resolved featfimes, great realism in the overall dis-
tribution of extra-tropical cyclone track and genesis tawa Of interest for future OSSEs target-
ing instruments focused on frozen precipitation, is theguf intense baroclinic winter cyclones,
such as, for example, US mid-Atlantic snowstorms. In thgard, Putman (2015) showcases an
example of a simulated major US east-coast snowstorm whadednd accumulated precipitation
bear a remarkable similarity with observational recordg.(&ocin and Uccellini 2005).

Another example of a well-reproduced phenomena are sewasals of Extra-Tropical Tran-
sitions (ETs). During ET, a warm-cored cyclone evolves iattarger scale baroclinic system
through a number of transformations that include, amongrstha change in its primary energy
source from latent heat to baroclinic energy conversiorcgsses (e.g, Sinclair 1993; Kyle and
Bosart 2014). A very representative case is highlightetténdomprehensive NASA Tech Memo
(Gelaro et al. 2015, Figure 4.31), in which a deep warm-cangi¢al cyclone undergoing ET is
shown.

Several mesoscale structures outside the deep tropiceaeeadly missed or mis-represented in
low-resolution global models. For example, high-latitsdé-synoptic scale vortices such as polar
lows and Mediterranean tropical-cyclone like storms dig@imilarities with tropical cyclones,

including some level of vertical alignment, the presencaroéye-like feature, the prominent role
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played by convection, and latent and sensible total heag$lwhich can reach values comparable
to hurricanes, albeit with larger contribution of sensibat than latent heat (e.g., Reale and Atlas
2001; Rasmussen and Turner 2003). While the investigatithmsitype of event is outside the goal
of this article and cannot be shown here, polar lows have hetad in the G5NR and they could
therefore be targets for OSSEs. In fact, Putman (2015) shiosvglobal distribution of tropical
cyclone tracks obtained with a cyclone tracker which dsteonvective cyclones and requires,
among other parameters, the presence of a warm core ancavatignment. The tracker, aside
from displaying purely tropical cyclones, shows some dgtivi the high latitudes, for example
between Iceland and Greenland and on the Labrador Sea (Rutm#&igs. 1.13 and 1.14), where
polar lows are often observed (e.g., Forsythe and Haynes)2Uhe storms’ intensities in the NR
range predominantly within the tropical storm level.

Finally, evidence of realistic mesoscale convective cexgMCC) activity in the G5NR is
provided by Putman (2015, his Fig. 1.16), showcasing thdagiity between one observed MCC
over the central US and one MCC produced by the G5NR, and alsangenting a distribution of
MCCs during the period May-June 2005-2006 in the NR, whicmgares well with composite

geostationary IR observations (his Fig. 1.17).

4. Tropical Cyclone Activity and Structure in the G5 Nature Run

a. Tropical Cyclones in the Atlantic

With TCs the reasonable target of many future instrumen&SEs have and will often be per-
formed to investigate the potential use of such measurenemmnprove TC forecasts (e.g., Privé
et al. 2014). For this reason, it is of paramount importahe¢ TC activity, life cycle and struc-

ture are realistic in the NR. Following the same strategycWwhvas previously adopted by Reale
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et al. (2007) to evaluate tropical cyclones in the ECMWF TBR, it is important to first verify
that TCs occur in the G5NR not as sporadic or localized eyéniisas a realistic consequence
of large-scale forcings in a manner comparable to realitye preliminary step is to verify that
the climatology of the main dynamical factors over the AAndVlonsoon region and the tropical
Atlantic is well represented. Modern-Era Reanalysis fosd@ech and Applications, version 2
(MERRA-2), described and documented by Bosilovich et ad18a, b) and by Wargan and Coy
(2016), is used for comparison. MERRA-2 is the new genemnatibthe well-known MERRA
(Rienecker et al. 2011) which has been successfully useah@many others, in studies concern-
ing the meteorology of the African monsoon and tropical Atilaregion (e.g., Wu et al. 2012, Wu
et al. 2013).

Figure 1 shows a meridional vertical cross-section of zanatl at @, comparing the NR in the

July, August, and September (JAS) months of two differeatyavith the corresponding MERRA-
2 years. Itis worth stressing that a comparison of monthlgmseannot be interpreted as an actual
seasonal forecasting validation. Since the NR is a freeingnsimulation constrained by SSTs
and sea ice, and in which the memory of initial conditiongmmoved by the sufficiently long spin-
up, a strict correspondence with observed means can nothauodtdsnot be expected. It can only
be noted that the NR represents the basic features of thesAffMonsoon circulation, namely: a)
the Tropical Easterly Jet (TEJ), an upper-tropospherio@stted close to the Equator at about 100-
200 hPa, b) the African Easterly Jet (AEJ) at about 600 hPgaaking at about PA — 16°N,
c) the low-level westerly monsoonal flow confined below 80@,hd, d) the low-level easterly
flow (also known as Harmatthan flow) at abouPR7 The overall depiction of the AEJ in the NR
is about 15% weaker than in MERRA-2, but it should be remeetbénat the AEJ depiction is
affected by very large uncertainties, with differences@¥@in speed even amostate-of-the-art

reanalysesuch as the ECMWF Reanalysis-40 (ERA-40), the National&sifior Environmental
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Predictions, Reanalysis 2, (NCEP-R2), the Japanese 2Rgamalysis (JRA-25) and MERRA, as
discussed in detail in Wu et al. (2009) and in Wu et al. (2002) the contrary, the representation
of the Harmattan flow is stronger in the NR than in MERRA-2. H@er, since the Harmattan is
a low-level, concentrated, easterly flow partly constrdibg the orography of the Atlas range on
its northern flank (e.g., Nicholson et al. 1996; Nicholsod 20 it is possible that the MERRA-2
coarser resolution hinders the Harmattan's representatithe reanalysis.

Aside from the intensity, the position of AEJ, TEJ and lowdemonsoonal flow is very im-
portant because the cyclonically-sheared southward dideecAEJ (in which horizontal shear
dominates) is conducive to barotropic instability at abibetjet level, while the lower levels just
below the AEJ (in which vertical shear dominates) are comeuo baroclinic instability. African
Easterly Waves (AEWSs) arise out of a combination of meclmasisthe presence of localized
triggers, which can be convective in nature and may altewdngcity and thermal profile of the
atmosphere, and the favorable large-scale environmenhichvbarotropic-baroclinic instability
of the Charney-Stern type can occur (e.g., Kiladis et al. 620@all et al. 2006; Thorncroft et
al. 2008; Wu et al. 2012). Moreover, the presence of the THBiGwis responsible for strong
easterly shear and is generally unfavorable for developwferertically aligned structures, is an
important forcing that confines the potential developméi@s to a narrow latitude range (just a
few degrees south of the AEJ and north of the TEJ). The presafradl the fundamental elements
of the African Monsoon region atmospheric circulation iscad preliminary assurance that the
model may be capable of producing realistic weather pattern

The next logical step is to verify whether the NR is able toduee realistic AEW activity.
This is a complex issue because at least three types of AE&=uarently known: the 2.5-6 day
waves developing to the south of the AEJ at about the jet lelkellow-level baroclinic waves

developing below the AEJ, and the less-known 6-9 day waveslolging at the AEJ level, to the

13
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north of it. For a comprehensive discussion of various tygfeSEWSs, see Wu et al. (2013). The
AEWSs that are more relevant to TC development are the 2.5¢/6vdaies developing to the south
of the AEJ at about the jet level. In addition, the trackingdefinition of AEWs may involve
sophisticated objective methodologies (i.e., Berry et24l06) or the use of spectral techniques
such as the Hilbert-Huang transform (Wu et al. 2013). Howexerery simple and immediate
way of detecting AEW activity is to plot a latitude-time Howatler diagram of the meridional
component of the wind at, or slightly below, the jet leveldat a latitude south of the jet.

In Fig. 2 the 700 hPa Hovmgller of the meridional wind, obggirirom the NR for the month
of August 2005, is plotted for the latitude of % and for a longitude range spanning fronPA0
to 4PE, to be compared with the same quantity computed from MERR¥f&2. In Fig. 3 the
same plot is produced for August 2006. The comparison betweeNR and reanalyses in both
years reveals that the amplitude, frequency and propagspieed of the AEWSs is very similar. In
particular, waves occur at a given longitude approximagesry 3-6 days and propagate westward
at a speed of abouP5-8°d 1. Other features of the AEWs present in both the NR and MERRA-2
include: a) a discontinuity at about A& where disturbances transition from land to ocean and, b)
a pronounced diurnal cycle over the continent (evident leyhtbrizontal lines on the easternmost
side of the panels). Other realistic features are: a) ognakhigher wind speeds, indicating the
tendency of some AEWSs to develop as TCs, b) upward curvafurdgating acceleration) and
c) disappearance (indicating either dissipation or dogtnces which move to the north of the
Hovmgller latitude). In general, higher detail and slightiore intense waves are present in the
NR due to the higher resolution. The overall similarity beén the AEW activity in the NR and
in the reanalyses can be found in other months as well (ely.add September, not shown).

The next step is to investigate TC number, tracks, distobuand life cycles. Figure 4 shows the

tracks and center pressure of TCs in the NR and in the obsamgdbr 2005. The corresponding
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Table 1 shows the storm number, beginning and end dates ébr #arm, and the minimum
center pressure. An important caveat is valid for this ahdodbwing figures containing TC
tracks and corresponding TC tables for other basins. Themsdetection algorithm applied to the
NR involves thresholding parameters such as central piressul presence of a warm core. The
results are sensitive to the values of the ‘thresholds’.drigular, it was found that less stringent
thresholds in terms of warm-core intensity allow many mavedker) depressions to be detected
as TCs, especially over the Indian Ocean. For clarity, it desded to use higher ‘thresholds’ in
the tracker, concentrate on stronger storms, and use the seme-stringent criteria throughout
all basins. This led to a slightly lower total number of TQsdividual researchers can alter these
criteria according to their needs, and may be able to detslaglatly higher number of TCs than
the 17 TCs shown in Fig 4, by including some weak systems atacial depression intensity
level. The choice of thresholds in the detecting algorithso affects a TC’s life span: a system
undergoing transition can be categorized as extra-trbfcastill tropical) with a more (or less)
stringent threshold. Since we have consistently used @agstnt definition of TC, it should be
noted that some TC tracks shown here could be prolongedsiféstrictive tracking choices were
to be adopted.

The observed 2005 TC tracks and center pressures for thetistire obtained from the Na-
tional Hurricane Center HURDATA2 best track (BT) databaséich contains 6-hourly center
pressure, winds, and location (Sampson and Schrader 2800onsistency with other basins,
retrospectively classified storms, which are availables amthe Atlantic and east Pacific basins,
are not included in this plot and table. Also, since weakrstoare not tracked in the NR, non-
developing depressions present in the database are igrggath for consistency with the storms

tracked in the NR, only ‘pure’ TCs are plotted, and their axttopical transitions are not fol-

Lavailable at http:/Awww.nhc.noaa.gov/data/#hurdat
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lowed. Because of these choices, four weak systems in theaBbdse (AL102005, AL192005,
AL212005, AL232005) are not included in Table 1, so that ttalthumber of observed 2005 At-
lantic TCs is 27 instead of 31 as in the HURDATAZ2 database.il&malight differences between
the number of observed TCs listed in this article’s tables iarthe corresponding BT databases
can be noted for other basins.

The comparison between NR and BT TCs shows that the TCs pedducthe NR are less than
the observed (17 versus 27, the latter number being amadl4tecord), but also indicates that the
track distribution in the NR is very realistic (Figure 4). &majority of the TCs are of the Cape
Verde type, moving across the Atlantic and recurving noiftvo TCs originate in the Gulf of
Mexico, leading to an overall realistic partition betweeunliGnd Atlantic systems (e.g., Asnani
2005). One system (G5NR 2005 TC 17) originate in the westnivhich is typical for late-season
hurricanes. It is particularly noteworthy that five G5NR Ti@ach center pressures of less than
945 hPa, in good agreement with the observations for thait yea

In contrast, the NR produces only 10 TCs in the 2006 seasomthvdyrees closely with the
9 TCS observed in the much less active observed 2006 year5Fidt should not be expected
that a free-running model forced by SST and sea ice prodigesame number of cyclones as
in observations, since there are many factors controlli@gréquency other than SST. Moreover,
as previously stated, the choice of the detection algordffects the TC number. However, it is
important that model-generated natural variability dogscontradict the observed variability. For
reference, it should be noted that the ECMWF NR produced 12wi¢h 2005 SSTs (Reale et al.
2007).

The fact that the interannual variability in the NR has themeagign as the observed one suggests

that SST alone, as reasonable to expect, exerts some contidC number. As noted for 2005,
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the distribution of tracks in 2006 is realistic in the NR, vét majority of Cape Verde systems, and
four storms forming in the Caribbean or in the Gulf.

In both years the TCs produced by the NR display a life time f#vadays to less to almost
two weeks. Individual tracks reveal singularities (i.ascontinuous curvature changes) as well
as binary interaction (i.e., two cyclones rotating arourmbenmon center with the stronger one
moving slower, not shown), all features that are well knowridrecasters and that frequently
occur in the real atmosphere.

The final step in the investigation consists of examiningitigividual structure of the most
intense storms taken at representative times.

Figure 6 shows a zonal vertical cross-section of wind angerature across G5NR 2005 At-
lantic TC no. 2 (see Fig. 4, hereafter GSNR-AL022005), takiet?200 UTC 16 August 2005. The
expected features of a mature hurricane can be noted: @algrtaligned structure, with wind
speeds in excess of 88s 1, a well-defined warm core (temperature anomaly greater182®),

a scale on the order of few hundred km, a radius of maximum wmthe order of about 40-50
km, and a distinct eye-like feature with a relatively calmdless column. The overall structure
is very realistic and represents an improvement with regpebe hurricanes seen in the previous
ECMWF T511 NR (Reale et al. 2007, Fig. 4).

The realistic representation of GSNR-AL022005 is not aaigal occurrence in the NR. The
subsequent Fig. 7 displays a snapshot of another 2005 anerim the NR: no. 12 (hereafter
G5NR-AL122005) at a mature development stage. The vexticals-section again displays real-
istic features: relatively calm central column, vertichgjament, scale on the order of hundreds
of km, radius of maximum wind on the order of tens of km, andhproced warm core. Interest-
ingly, the snapshot depicting the strongest and most maungcane (Fig. 7), whose warm core

temperature anomaly exceed<C4dis also the one characterized by the tightest and mostwarro
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eye-like feature. The same plot also shows the wind speée@ d¢vel of maximum wind, with the
isotachs of 1Ts 1,25 ms ! and 32ms™! super-imposed. To further appreciate the horizontal
scales, a transect of sea level pressure and Wihd for the same storm is shown in Fig.8. The
objective determination of TC scales from observationsvserg complex problem that has been
discussed, among others, by Chavas and Emanuel (2010) &traf (2014); Chan and Chan
(2015) and Chan et al (2016). While the objective computatibscales for all TCs in the NR
exceeds the purpose of this work, it can be stated that, éostthrm noted in Figs. 7 and 8, the size
appears within the observed range. Moreover, NR TC strestbave been investigated at early
stage of developments in the Atlantic and in other basinsels(not shown), finding an overall
reduction of scale with intensification, a generally largeze for TCs in the western Pacific, in
agreement with observations. e.g., Chavas et al. 2016)lso@a increase in size with baroclinic
transition (Gelaro et al. 2015, Fig. 4.31), also in agreegmath observations (e.g. Hart and Evans
2001).

Another meaningful feature from an OSSE perspective isssaprted by precipitation structure.
Teams designing future sensors to measure precipitabom$pace may be interested to perform
OSSEs on TC-produced precipitation fields. TCs close tofédind the NR can be qualitatively
compared with radar imagery of observed storms whose ti@uttsntensity are similar. Figure 9
shows hourly accumulated precipitation produced by G5NB620DC no. 4 (G5NR-AL042006),
and the corresponding precipitation field from Katrina 20®mbtained NEXRAD data level 3
(one-hour precipitation totals). G5NR-AL042006 is chodecause of its track comparable to
Katrina’s one, and a landfall just to the east of New Orleaibhe NR produces a reasonably

realistic banded structure and an eye size comparable tonKateye at landfall.
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b. Tropical Cyclones in the Eastern North Pacific

The seasonal TC activity and the presence of interannualbibity has been verified for all the
other basins, paying special attention to the problemgaHyinoted in global models. Especially
for the Pacific, the impossibility of surface fluxes deteredirby prescribed SST to respond and
adapt to the atmospheric forcings of the simulated TCs ptesmme difficulties. In general, it is
observed that a slow moving TC partially consumes the availaeat energy in the underlying
ocean, whereas in the G5NR a slow moving TC over a partiguearm ocean feature will have
a constant energy source. Moreover, in the Pacific, mesosoabled ocean-atmosphere fluctu-
ations associated with tropical instability waves add adiitamhal level of complexity to the SST
structure, which cannot be captured without a coupled By$teg., Zhang and Busalacchi 2009;
Zhang et al. 2014).

Figure 10 and Table 3 compare the eastern Pacific TC actimt®05 in the NR and in ob-
servations, while Fig. 11 and Table 4 depict the correspanéD06 activity. As for the Atlantic,
some weak or after-analysis storms in the BT database ameahaded (EP162005 and EP022006,
EP182006 and EP202006). Given the same caveats about thetd&@ing and tracking algorithm
previously noted, and the fact that by choosing a less otiseidefinition of TC, a larger number
of weak TCs and longer tracks could be detected, the FigumeJables show that some level of
interannual variability is reproduced by the NR, with mot@sTin 2006. In fact, 2005 and 2006
observed TCs were 15 and 18 respectively, versus 8 and 1@ iNf As for TC genesis, the
most active region is between® and 120W and between 1N and 15N in both the NR and
observations, with a predominant TC motion towards the smesth-west. However, the presence

of outliers and TCs displaying erratic and/or retrogradéiomowith respect to the easterly flow,
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an aspect well known to forecasters and particularly fragque2006 (e.g., Pasch et al. 2009) is

not captured very well by the NR, with NR TCs displaying les€k variability than observed.

c. Tropical Cyclones in the western North Pacific Ocean

As noted for the eastern North Pacific, the absence of an atmos-ocean interaction in the
G5NR is a limiting factor. However, in spite of the absencaiofsea interaction, which could be
handled only by a fully coupled global model, it should beeabthat some important atmospheric
circulation elements, which were missing in previous NRs artially represented in the G5NR.
Among these, the presence of features resembling westadysds particularly remarkable. Fig-
ure 12 compares in matching Hovmgller diagrams the Jung ahal August 2006 zonal wind at
the Equator from the NR (model level 70, nominal pressurdotia955 hPa) and from MERRA-
2. Normally, a time-longitude plot of unfiltered Equatoneihd across the Pacific should reveal
two sets of linear features which represent anomalies gatpey in the midst of predominantly
easterly flow: peaks of increased easterly speed whichl tnatleén the easterly flow, moving from
east to west, and regions of decreased easterlies (or iestevhich travelagainstthe easterly
flow, moving from west to east. When the magnitude of the deges stronger than the mean
easterly flow, these regions of decreased easterlies app@atses of eastward-propagating west-
erly anomalies that are aptly named ‘westerly bursts’. fastoursts are associated with the
Madden-Julian Oscillation (MJO, Madden and Julian 19772)®ut are strongly controlled by
other factors, first and foremost the phase of the El Nifiotl8aua Oscillation (ENSO). Transi-
tioning ENSO can affect the ‘clean-ness’ of an MJO unfiltesgghal. The 2005 and 2006 sum-
mers were not very representative in terms of the MJO sigvitl,the ENSO phase transitioning
from positive to negative (2005) and then from negative tsitpee (2006). However, evidence of

westerly bursts (i.e., eastward moving areas of westenhgjis nevertheless clear in Fig. 12, par-
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ticularly to the west of the Date Line. While the NR undemastied the westerlies’ intensity, it is

worth noting that only non-propagating stationary wavesawietected by this team in other pre-
vious global non-coupled simulations (not shown). Beinglagically-sheared on their northern

flank, westerly bursts propagating along the Equator arengrtite factors that can contribute to
increased low-level cyclonic vorticity and therefore to-§i€nesis over the western North Pacific
(e.g., Hogsett and Zhang 2010; Shu and Zhang 2015).

Aside from clear evidence of westerly bursts, the overathplex interaction between the trop-
ical and extra-tropical atmosphere over the western Naatifié leads to a very large variability
of extra-tropical (ET) transition patterns, well docunezhin literature (e.g., Harr and Dea 2009).
Figure 13 and Table 5 demonstrate that the overall TC agtinithe NR is reasonable, with 23
TCs instead of 25 observed. The observed TC tracks and qanetesures for the western North
Pacific, Indian Ocean and Australian basins are obtained fhe Joint Typhoon Warning Center
(JTWC)? The majority of the TC genesis points occurs betweer?E3d 170E and 10N and
20°N, indicating that there is a general inability of the modgbtoduce TCs close to the Equator,
possibly because of the weaker than observed eastwardgaiogaof westerly bursts as noted in
Fig 12) and higher than observed vertical shear (not shatvs)milar situation is noted for 2006
(Fig. 14and Table 6) with 21 simulated TCs against 26 obskeritre terms of track distribution,
both years show a predominance of west-north-westwarkignaith landfall over Philippines and
China, and a tendency of northward and northeastward rattures north of 25\. It can be
confidently stated that the model reproduces the overallgamtrack variability.

As for intensity, several TCs in both NR seasons reach cenésisure well below 950 hPa. Of

particular interest is the intensity of one G5NR typhoonhe 2005 season, and two in the 2006

2available at http://www.usno.navy.mil/NOOC/nmfc-phBwc/besttracks/index.html
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season (Tables 5 and 6) whose center pressure goes below82®bwever, no TC in the NR
reaches the most extreme observed value of 898 hPa recortlethi2005 and 2006.

G5NR 2006 western North Pacific TC no. 3 (hereafter GSNR-V2R08, following the JTWC
naming conventions) is selected for further investigatiéigure 15 shows the meridional and
zonal cross-sections at peak intensity, when center peessached the remarkable value, for a
global model, of 906 hPa. The cross-sections indicate a tegjiee of symmetry with a very
well-defined eye, a warm core temperature anomaly greadert®C, winds exceeding #6s!

on all four quadrants, and a radius of maximum wind on therasflabout 40 km.

d. Tropical Cyclones in the North Indian Ocean

The North Indian Ocean is arguably the most difficult basmTiG forecasting. Aside from well-
studied cases in which even the objective analysis of ajreacsting TCs failed to represent TC
circulations, as in the infamous 2008 case of Nargis, dssilish Reale et al. (2009), free-running
models examined by this team have produced totally inadliwgh Indian Ocean TC seasons
without a single storm, and seasons in which up to 40 TCs wieralated. These unrealistic
excesses are probably caused by the extreme sensitivitgyoimadel to small changes in the
circulation. In fact, the SSTs over the Indian Ocean areeexély warm (often more than 30
but the environment is not generally conducive to TC develept because of the very strong
shear. In fact, during the summer, the combination of the 8odet (SJ), southwesterly flow
peaking at about 900 hPa, which is particularly importanmiadulating the Indian Monsoon
phases (e.g., Krishnamurti et al. 1976, Halpern and Woieces?001) and the TEJ, easterly flow
peaking at about 150 hPa, (e.g., Chen and van Loon 1987, Nahet al. 2007), creates zonal
shear values of up te40ms 1 or more. In spite of the huge latent and sensible heat fluxes, a

the environment being extremely conducive to convectigalanic circulations cannot generally
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overcome the vertical shear except that in rare situatidreswvhe shear relaxes. Then very sudden
development can occur. In other cases TCs can only mairtaitogs structures and any upper-
level development is eroded above 300 hPa by the upperdagtérly flow. In this environment,
which essentially has a surplus of energy available butileogynamical forcings, small errors
in the representation of the shear can lead to large errafseiestimate of TC activity. At the
same time, long simulations have suggested that TC activiy this region is very sensitive to
the model in convective parametrizations. It has been oty for this team, while analyzing
previous long simulations, in addition to finding simulaféd activity over the North Indian Ocean
ranging from totally inactive to unrealistically hyperaet to spot simulated TCs in locations
where they have never been detected (not shown).

With this preliminary discussion, it is now easier to plagwicontext the representation of TC
activity in the G5NR over the North Indian Ocean. Figures 4@ 47 compare the representation
of the Somali Jet in 2006 (2005 is not significantly differemdt shown). It can be noted that
the predominantly easterly flow over the Southern Hemispigedeflected northward and then
northeastward by the combining effect of the Indian mondownand the orography of eastern
Africa, in agreement with observations and other modeltadiss (e.g., Chakraborty et al. 2009).
The higher resolution of the G5NR allows a sharper depiatfdhe SJ than MERRA-2, including
the well-known bifurcation caused by the ‘Horn of Africa’. ddt interesting is the SJ vertical
structure. From aircraft measurements acquired duringpegns such as Monsoon Experiment
(MONEX 79; e.g., Holt and Sethuraman 1985) it is known that 83 is a very shallow feature,
peaking at about PN — 15°N and about 875 hPa and disappearing at about 600 hPa. These
features are clearly represented in Fig. 17 and are confibydte reanalysis. Also noteworthy are

the secondary westerly mid-tropospheric maximum presetita reanalysis at about the Equator

23



521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

(which was not detected by this team in any previous longalsbmulations) and the excellent
depiction of the TEJ above 200 hPa.

Probably because of the overall realistic rendering ohtlieanSJ and TEJ in the NR, the repre-
sentation of the North Indian Ocean TC activity, while stk optimal, is definitely improved with
respect to previous long simulations. Figures 18 and 19;Tabte 7, show a total TC number of
4 simulated versus 7 observed in 2005, and 6 simulated vérshserved in 2006 (including Ty-
phoon Dorian which crossed the Malay Peninsula from thefieda@coming the 7th North Indian
Ocean TC for the season).

However, the distribution of TC locations and their tracki$ed significantly between the NR
and observations, and the fundamentally erratic natur€dfdcks over that basin does not appear
to be fully captured. In 2005, observed TC tracks seem tadtatfrom the center of the Bay of
Bengal in almost all directions, and that variability is meproduced by the G5NR. A somehow
larger track variability, closer to the observed one, isedah the 2006 G5NR season. As noted
previously, very small lapses in the shear can very quidkfjger a TC genesis process, which
limits the overall predictability of northern Indian Oce@@ activity.

In terms of vertical structure, the NR displays a significannber of poorly developed systems,

or systems fighting against shear, in agreement with clilbgyo(not shown).

e. Tropical Cyclones in the South Indian Ocean

The southern Indian Ocean is conventionally treated by twet Jyphoon Warning Center
(JTWC) as one of the two basins of the Southern Hemisphesoseaith the other being the
South Pacific basin, having the longitude of $8%®s separator between the two (e.g., Lander and

Guard 2001). However, the TCs affecting the eastern pattefSouth Indian Ocean are more
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often regarded as TCs affecting the Australian region. ahisle follows the latter convention
and plots the TCs over the eastern and western portions &duth Indian ocean separately.

Figures. 20 and 21, and Tables 8 and 9 compare the TCs thagdoower the South Indian
Ocean (west of 13E) in the G5NR and in the observations. Specifically, obse#€d 1 to
9 correspond to TCs numbered in the JTWC BT database as 14293,12, 14, 16 and 22 in
2005-2006, and to TCs 3, 5, 6, 10, 13, 14, 15, 16, 19 and 22 i6-2007, respectively.

The NR produces a very realistic activity, substantiallitérethan over the North Indian Ocean,
not just in terms of overall number, but also in terms of trdcitribution. TCs generally form
between 8S and 15S (except for a few originating west of Madagascar), tracktiseard or
westward, gradually recurving eastward under the influefitke westerly flow, and display fre-
guent singularities in their tracks, such as loops, sharprvatures and binary interactions. The
NR exhibits a very convincing spectrum of TC tracks over Hasin. A remarkable TC occurred
during the 2006-2007 NR South Indian Ocean season is igatst (TC no. 5 in Fig 21). Because
of its exceptional symmetry, both meridional and zonalieatttross-sections of wind and temper-
ature across the TC, at a mature stage, are shown in Fig. 2&h) @eemonstrates the consistency
in TC structures produced by the NR ol basins. This particular system is noteworthy, aside
from its symmetry and pronounced warm core, because of itslswvhich exceed 7ts ! on
each quadrant. The eye is very well defined, the radius ofmaxi wind is on the order of 4km
Its central pressure reaches 919 hPa. However, as notdtefarastern North Pacific basin, some

observed cyclones reach even deeper values (observed Z@r&06-2007, 904 hPa).

f. Tropical cyclones in the Australian region

Tropical cyclones over the eastern Indian Ocean and sostewePacific are traditionally stud-

ied together as TCs of the Australian region. As noted by Eiadll. (2001) the entire northern
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Australian coastline is affected by landfalls and theretaw®main cyclogenesis area: a western
one in the Indian Ocean and the Timor Sea, and an eastern ¢ime Hacific (Coral Sea). More-
over, there are cases of Pacific TCs regenerating in thendr@déean after having crossed land
(e.g., McBride and Keenan 1982). The comprehensive clilmgittal assessment of TCs in the
Australian region by Dare and Davidson (2004), includin@ 8@ses and spanning 40 years, de-
scribes, in addition to the eastern and western regionsradiclogenetic area to the north of
the Australian coastline at about PB5 Among the prominent factors affecting the Australian
region TC season are the proximity between the Inter Tré@loavergence Zone (ITCZ) and the
mid-latitude storm track, the presence of a large land madsa overall monsoonal environment
(e.g., McBride and Keenan 1982; Holland 1984; Dare and Bavi®004). Other important forc-
ings are the phase of ENSO (e.g., Nicholls 1979; Solow antdlie 1990; Catto et al 2012) and
the MJO activity (e.g., Hall et al. 2001). The overall trackiability appears to be larger than the
Atlantic or the Pacific and the proximity of the genesis regiothe ITCZ to the coastline can lead
to difficult landfall forecasts.

In spite of the complexity, the G5NR performs satisfacyoaver the region. In Fig. 23 and
Table 10 the comparison between TCs observed in the 2006-2&s0n and the ones produced
by the G5NR is provided. As noted before, the JTWC BT datalmsplit into two, to treat
separately the South Indian Ocean from the Australian Regitherefore the 14 observed TCs
listed in Table 10 correspond, in the JTWC BT database, to5Gs 7, 8, 10, 11, 13, 15, 17, 18,
19, 20, 21 and 23 for 2005-2006, andto TCs 1, 2,4, 7, 8,9, 1112218, 20, 21, 23 and 24 for
2006-2007.

Two of the three known cyclogenetic regions appear to beeptas the simulations, and the

overall track distribution appears to be realistic, inahgoretrograde motion and multiple landfalls
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with regeneration, which is common for TCs originating €lds the coastline. A similar situation
can be noted in the 2006-2007 season (Fig. 24 and Table 11).

The intensity range is quite reasonable with several NR E&ashing values lower than 950 hPa
during both seasons, in agreement with observations. Sbatgyerplexing is the persistence of

relatively deep storms inland in the NR, possibly becausesuffficient surface drag.

5. Conclusions

OSSEs are a labor-consuming and computer-intensive mathgpdand benefit from large col-
laborative efforts. An essential element for OSSEs is the WRch needs to satisfy a number of
requirements to enable realistic OSSE results.

The previous widely used NR produced by the ECMWF has setve®SSE community for
a decade, thanks to its outstanding qualities. Howevegusecof the growth in computer power,
modeling developments, and improved observing systeresnéled for a new NR has become
apparent.

In recent years, in an attempt to provide a NR usable in stitbe-art OSSEs, the NASA
GMAO has produced and evaluated several runs with a configarsimilar to the ECMWF T511
NR, but at increasingly higher resolution and extendingitivegration length to two years. One
example of this type of effort is the 14-km horizontal resimn 2-year simulation documented
by Putman and Suarez (2011), which represented an impariéegtone, because it generated,
in addition to a climatologically realistic total numberB€s, also a very satisfactory interannual
variability in TC activity between 2005 and 2006. Multipleatduation teams have assessed this
and other long simulations as candidate next-generatios, [gRying attention, among several

other concerns, to the realism of TC activity.
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After substantial modeling development the NASA GMAO haalfinreleased for use in OSSEs
a 7-km NR which stems from a large collaborative effort, salvgears of preparation and which
has been subjected to an extensive evaluation (Gelaro 20 Hb).

The goal of this article is to evaluate the suitability of tBBNR to serve as a NR for OSSEs fo-
cused on future instruments targeting TCs. The evaluaipheénomenological and event-focused,
and includes comparisons with reanalyses and observeddtayclone best track information.
As is the case for all evaluations focused on a NR, no diretespondence with observed events
can be expected, but the specific events investigated mustiflain an acceptable range of ob-
served variability and realism.

This article investigates TC activity in all basins: Atlemteastern North Pacific, western North
Pacific, North Indian Ocean, South Indian Ocean and Auatrdliegion. The investigation shows
that the TC activity lies well within the spectrum of obsehativity in all basins and also displays
a satisfactory degree and sense of variability betweernvibey/éars. This article also shows that
tropical cyclone structure is well represented, with velgac eye features of reasonable scale.
The intensity is also very realistic for the resolution ofivkvith center pressures reaching values
down to 906 hPa and wind speeds often in excess ofs5. Finally, evidence is provided that
the NR TC activity arises out of realistic forcings, and tiiet major dynamical factors controlling
tropical weather are well represented.

The evaluation documented in this article confirms that tkea G5NR provides a significant
advance with respect to previous long simulations prodime@SSESs, and may represent a valu-
able tool to perform OSSEs focused particularly on futustrimiments or missions designed to
investigate TCs and other high-impact weather systems$, ascbut not limited to, CYGNSS.

While the 7km resolution may still be not sufficient for cémtaery high resolution applications
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investigating future instruments focused on eyewall regtaent cycles, the evidence provided

suggests that the 7km G5NR could be an excellent framewoffkifther downscaling.
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ATLANTIC OCEAN 2005

NATURE RUN BEST TRACK

TC No. | Start - end date (mmdd hh:hh) Min SLP (hPa) | Start - end date (mmdd hh:hh) Min SLP (hPa)
1 0803 15:00 - 0812 05:00 948 0608 18:00 - 0614 06:00 989
2 0813 19:00 - 0817 22:30 931 0628 18:00 - 0630 00:00 1002
3 0822 21:00 - 0825 15:00 972 0703 18:00 - 0711 06:00 991
4 0826 10:00 - 0828 14:30 975 0704 18:00 - 0718 06:00 930
5 0830 13:30 - 0903 22:00 972 0711 00:00 - 0721 12:00 929
6 0904 22:00 - 0916 03:00 938 0721 18:00 - 0731 00:00 997
7 0907 08:00 - 0910 18:30 966 0723 18:00 - 0725 18:00 1005
8 0911 06:00 - 0914 21:00 952 0802 18:00 - 0814 00:00 994
9 0915 00:00 - 0922 13:30 939 0804 18:00 - 0818 12:00 970
10 0915 23:30 - 0923 01:30 951 0822 12:00 - 0823 12:00 998
11 0916 19:30 - 0928 19:30 962 0823 18:00 - 0831 06:00 902
12 0921 04:00 - 0926 09:00 925 0828 12:00 - 0903 18:00 1006
13 0930 12:00 - 1002 16:30 974 0901 12:00 - 0911 18:00 962
14 1003 01:00 - 1008 01:30 949 0905 18:00 - 0912 18:00 979
15 1006 03:30 - 1008 15:30 988 0906 6:00 - 0921 00:00 976
16 1008 22:30 - 1017 15:00 949 0917 12:00 - 0924 06:00 985
17 1018 05:30 - 1025 02:00 942 0918 00:00 - 0926 06:00 895
18 - - 1001 12:00 - 1005 6:00 977
19 - - 1005 06:00 - 1007 00:00 1001
20 - - 1008 06:00 - 1011 12:00 988
21 - - 1015 18:00 - 1026 18:00 882
22 - - 1022 12:00 - 1024 18:00 998
23 - - 1026 18:00 - 1031 00:00 962
24 - - 1114 00:00 - 1122 00:00 1002
25 - - 1119 12:00 - 1129 18:00 980
26 - - 1129 06:00 - 1209 18:00 981
27 - - 1230 00:00 - 0107 18:00 994

TABLE 1. Simulated (NR) and observed (BT) TCs, 2005 Atlantic Seaso
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ATLANTIC OCEAN 2006

NATURE RUN BEST TRACK

TC No. | Start - end date (mmdd hh:hh) Min SLP (hPa) | Start - end date (mmdd hh:hh) Min SLP (hPa)
1 0818 10:00 - 0830 15:00 944 0610 06:00 - 0618 00:00 969
2 0902 00:00 - 0904 10:30 964 0718 12:00 - 0722 12:00 1000
3 0904 23:00 - 0908 23:30 962 0801 00:00 - 0806 12:00 1001
4 0907 13:00 - 0912 03:30 936 0821 18:00 - 0828 00:00 999
5 0912 15:30 - 0927 12:00 922 0824 18:00 - 0904 06:00 985
6 0917 03:00 - 0920 16:30 934 0903 18:00 - 0916 12:00 963
7 0921 19:00 - 0928 14:00 946 0910 18:00 - 0922 00:00 955
8 0929 04:30 - 1001 17:00 941 0912 12:00 - 0927 12:00 955
9 1006 21:00 - 1009 09:00 971 0927 18:00 - 1003 12:00 985
10 - - 1103 11:00 - 1108 23:00 948

TABLE 2. Simulated (NR) and observed (BT) TCs, 2006 Atlantic Seaso
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EAST PACIFIC OCEAN 2005

NATURE RUN BEST TRACK

TC No. | Start - end date (mmdd hh:hh) Min SLP (hPa) | Start - end date (mmdd hh:hh) Min SLP (hPa)
1 0729 17:30 - 0804 05:00 975 0517 18:00 - 0521 00:00 982
2 0802 20:30 - 0808 03:30 968 0621 18:00 - 0626 06:00 1000
3 0811 10:00 - 0813 22:30 967 0626 06:00 - 0703 12:00 1000
4 0909 08:00 - 0912 07:00 967 0704 00:00 - 0706 18:00 1002
5 0916 03:00 - 0903 22:00 962 0718 06:00 - 0721 18:00 989
6 0920 07:00 - 0922 13:00 968 0809 12:00 - 0817 12:00 978
7 1007 21:30 - 1010 22:30 968 0811 06:00 - 0815 18:00 1000
8 1022 13:00 - 1025 06:00 958 0819 18:00 - 0828 00:00 970
9 - - 0825 12:00 - 0902 18:00 1000
10 - - 0912 00:00 - 0925 00:00 951
11 - - 0914 18:00 - 0930 18:00 947
12 - - 0917 12:00 - 0919 00:00 1005
13 - - 0917 12:00 - 0922 12:00 987
14 - - 0923 00:00 - 1001 00:00 997
15 - - 0928 00:00 - 1005 12:00 970

TABLE 3. Simulated (NR) and observed (BT) TCs, 2005 East Pacifis@ea
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EAST PACIFIC OCEAN 2006

NATURE RUN BEST TRACK

TC No. | Start - end date (mmdd hh:hh) Min SLP (hPa) | Start - end date (mmdd hh:hh) Min SLP (hPa)
1 0531 05:30 - 0605 11:00 956 0527 06:00 - 0531 00:00 1002
2 0629 16:00 - 0706 11:30 969 0711 00:00 - 0717 12:00 953
3 0706 16:30 - 0715 02:30 948 0712 00:00 - 0720 00:00 981
4 0714 17:30 - 0719 15:00 966 0716 18:00 - 0728 12:00 933
5 0719 22:00 - 0722 06:30 964 0721 12:00 - 0731 12:00 990
6 0721 09:00 - 0726 18:00 955 0731 18:00 - 0805 18:00 1000
7 0727 09:00 - 0803 18:30 945 0801 00:00 - 0805 00:00 1004
8 0811 08:30 - 0814 06:30 955 0815 18:00 - 0824 06:00 966
9 0812 21:00 - 0815 16:30 970 0821 12:00 - 0829 06:00 955
10 0818 02:30 - 0820 19:30 972 0828 00:00 - 0904 12:00 948
11 0820 00:30 - 0822 09:00 972 0830 00:00 - 0909 06:00 985
12 0902 03:00 - 0912 18:30 935 0913 18:00 - 0917 12:00 952
13 0903 14:30 - 0910 16:00 939 0916 00:00 - 0921 06:00 999
14 0930 14:30 - 1007 03:00 946 1009 00:00 - 1015 18:00 1000
15 1006 09:30 - 1014 22:00 937 1009 18:00 - 1014 18:00 1000
16 1013 09:00 - 1017 01:00 940 1021 06:00 - 1026 06:00 970
17 1020 00:30 - 1022 13:00 988 1108 06:00 - 1110 18:00 1002
18 1022 13:00 - 1025 05:00 976 1113 18:00 - 1120 18:00 965
19 1120 16:30 - 1125 12:30 945 - -

TABLE 4. Simulated (NR) and observed (BT) TCs, 2006 East Pacifis@ea
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NORTH WEST PACIFIC OCEAN 2005

NATURE RUN BEST TRACK

TC No. | Start - end date (mmdd hh:hh) Min SLP (hPa) | Start - end date (mmdd hh:hh) Min SLP (hPa)
1 0701 05:00 - 0705 11:30 970 0113 00:00 - 0118 18:00 976
2 0705 14:00 - 0708 21:30 983 0312 00:00 - 0317 18:00 963
3 0712 05:30 - 0720 06:30 917 0416 18:00 - 0427 00:00 927
4 0802 21:00 - 0816 08:00 932 0527 12:00 - 0611 00:00 916
5 0803 21:30 - 0806 22:00 981 0710 12:00 - 0719 12:00 898
6 0813 16:00 - 0816 00:30 955 0718 00:00 - 0723 18:00 984
7 0816 18:00 - 0819 15:00 951 0721 12:00 - 0728 00:00 980
8 0817 10:00 - 0825 09:30 937 0728 18:00 - 0731 12:00 991
9 0824 19:00 - 0830 04:30 949 0729 18:00 - 0806 18:00 954
10 0830 16:30 - 0904 08:00 929 0809 18:00 - 0814 00:00 976
11 0901 07:30 - 0903 08:00 996 0818 00:00 - 0827 00:00 916
12 0905 16:00 - 0908 14:00 958 0817 06:00 - 0825 00:00 976
13 0905 18:30 - 0911 11:00 952 0824 18:00 - 0901 18:00 910
14 0906 02:30 - 0911 07:30 947 0828 18:00 - 0907 00:00 898
15 0909 19:30 - 0919 13:30 938 0905 06:00 - 0911 18:00 927
16 0921 16:30 - 0925 10:00 952 0914 06:00 - 0918 12:00 987
17 0926 04:00 - 0929 12:30 960 0920 06:00 - 0927 17:00 954
18 1001 19:00 - 1006 06:00 973 0919 00:00 - 0926 00:00 944
19 1005 12:30 - 1011 10:00 924 0925 00:00 - 1006 18:00 916
20 1007 08:00 - 1012 01:30 924 1006 06:00 - 1008 06:00 1000
21 1009 10:00 - 1016 20:00 930 1010 00:00 - 1019 00:00 927
22 1011 19:00 - 1020 07:30 927 1027 18:00 - 1102 12:00 958
23 1022 01:30 - 1028 02:00 953 1106 12:00 - 1112 12:00 991
24 - - 1112 00:00 - 1120 18:00 972
25 - - 1215 12:00 - 1221 06:00 991

TABLE 5. Simulated (NR) and observed (BT) TCs, 2005 North Westfleg@eason.
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NORTH WEST PACIFIC OCEAN

NATURE RUN 2006 BEST TRACK 2006

TC No. | Start - end date (mmdd hh:hh) Min SLP (hPa) | Start - end date (mmdd hh:hh) Min SLP (hPa)
1 0504 11:00 - 0514 14:00 932 0301 06:00 - 0307 00:00 997
2 0702 16:30 - 0705 16:30 958 0507 18:00 - 0519 00:00 916
3 0725 05:00 - 0803 08:30 906 0622 18:00 - 0629 06:00 991
4 0728 12:30 - 0731 16:00 961 0629 12:00 - 0710 12:00 910
5 0801 00:00 - 0802 02:00 941 0707 00:00 - 0714 12:00 987
6 0809 03:30 - 0813 11:30 980 0717 00:00 - 0726 00:00 967
7 0819 04:30 - 0827 05:00 930 0728 00:00 - 0805 00:00 972
8 0820 23:30 - 0824 03:00 956 0803 18:00 - 0810 18:00 980
9 0822 19:00 - 0825 15:30 961 0804 00:00 - 0812 06:00 898
10 0828 15:30 - 0901 04:00 970 0805 00:00 - 0811 00:00 984
11 0901 07:00 - 0906 09:00 923 0812 06:00 - 0820 00:00 984
12 0908 16:30 - 0916 05:00 911 0813 06:00 - 0816 12:00 991
13 0923 12:30 - 1001 02:00 924 0822 00:00 - 0825 06:00 1002
14 0929 15:30 - 1006 19:30 939 0909 00:00 - 0917 18:00 922
15 1006 05:00 - 1014 19:00 930 0912 00:00 - 0913 12:00 1000
16 1008 20:00 - 1016 09:00 962 0916 00:00 - 0925 06:00 898
17 1017 17:00 - 1023 23:00 946 0921 06:00 - 0925 00:00 1000
18 1107 01:00 - 1115 19:00 959 0925 06:00 - 1002 00:00 916
19 1108 08:30 - 1118 19:30 947 1003 06:00 - 1006 06:00 997
20 1123 19:30 - 1129 08:30 977 1003 00:00 - 1006 06:00 998
21 1127 10:30 - 1129 13:30 958 1008 12:00 - 1016 12:00 954
22 - - 1025 00:00 - 1107 12:00 898
23 - - 1107 06:00 - 1115 00:00 916
24 - - 1124 12:00 - 1206 06:00 904
25 - - 1206 00:00 - 1215 00:00 944
26 - - 1215 18:00 - 1218 18:00 1000

TABLE 6. Simulated (NR) and observed (BT) TCs, 2006 North Westfleggeason.
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NORTH INDIAN OCEAN

NATURE RUN 2005 BEST TRACK 2005

TC No. | Start - end date (mmdd hh:hh) Min SLP (hPa) | Start - end date (mmdd hh:hh) Min SLP (hPa)
1 1002 20:30 - 1005 01:30 962 0107 00:00 - 0110 12:00 1000
2 1119 06:00 - 1125 19:00 952 0111 18:00 - 0117 06:00 997
3 1204 18:30 - 1207 18:30 982 1001 06:00 - 1003 06:00 994
4 1212 16:30 - 1218 22:30 963 1025 00:00 - 1029 00:00 997
5 - - 1126 06:00 - 1204 00:00 991
6 - - 1204 06:00 - 1212 18:00 980
7 - - 1214 18:00 - 1224 00:00 991
NATURE RUN 2006 BEST TRACK 2006

1 0311 20:00 - 0315 08:30 966 0112 00:00 - 0119 06:00 991
2 0320 17:30 - 0325 10:30 970 0424 06:00 - 0429 12:00 922
3 1010 01:30 - 1015 02:30 981 0630 18:00 - 0703 12:00 997
4 1105 22:00 - 1109 04:30 952 0919 06:00 - 0926 12:00 984
5 1111 16:00 - 1116 04:30 952 0928 00:00 - 0930 00:00 997
6 1205 02:30 - 1208 02:30 971 1027 06:00 - 1030 12:00 984
7 - - 1204 12:00 - 1209 18:00 976

859 TABLE 7. Simulated (NR) and observed (BT) TCs, North Indian OceaasBns: 2005 (above) and 2006

860 (b9|OW) .
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SOUTH INDIAN OCEAN

NATURE RUN 2005-06 BEST TRACK 2005-06

TC No. | Start - end date (yyyy/mm/dd hh:hh) Min SLP (hPa) | Start - end date (yyyy/mm/dd hh:hh) Min SLP (hPa)
1 2005/10/19 02:00 - 2005/10/21 05:00 981 2005/10/13 18:00 - 2005/10/17 06:00 994
2 2005/10/30 18:30 - 2005/11/02 18:00 966 2005/11/04 06:00 - 2005/11/08 06:00 997
3 2005/11/02 07:00 - 2005/11/05 22:30972 2005/11/18 06:00 - 2005/11/29 06:00 927
4 2005/11/15 15:30 - 2005/11/21 15:00 945 2005/12/17 00:00 - 2005/12/29 18:00 997
5 2005/12/01 15:00 - 2005/12/06 23:00 958 2006/01/22 12:00 - 2006/02/06 06:00 944
6 2006/01/12 12:00 - 2006/01/14 13:30 969 2006/02/18 00:00 - 2006/02/23 18:00 991
7 2006/01/14 19:00 - 2006/01/21 10:00 931 2006/02/22 12:00 - 2006/03/02 18:00 910
8 2006/01/15 13:30 - 2006/01/22 04:00 939 2006/03/01 06:00 - 2006/03/09 06:00 984
9 2006/01/26 10:00 - 2006/02/03 02:30 944 2006/04/03 12:00 - 2006/04/16 12:00 985
10 2006/02/05 22:00 - 2006/02/14 00:00 949 - -
11 2006/02/12 18:00 - 2006/02/21 16:00 937 - -
12 2006/02/13 20:30 - 2006/02/22 08:00916 -

13 2006/02/28 12:00 - 2006/03/04 14:30930 -

14 2006/03/04 03:30 - 2006/03/12 17:00 923 -

15 2006/03/14 01:30 - 2006/03/18 23:30 955 -

16 2006/03/20 10:30 - 2006/03/22 19:00972 -

17 2006/03/24 16:30 - 2006/03/27 12:00 982 -

18 2006/04/03 08:30 - 2006/04/06 23:00 954 -

TABLE 8. Simulated (NR) and observed (BT) TCs, 2005-2006 Souttain@cean Season.
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SOUTH INDIAN OCEAN

NATURE RUN 2006-07 BEST TRACK 2006-07

TC No. | Start - end date (yyyy/mm/dd hh:hh) Min SLP (hPa) | Start - end date (yyyy/mm/dd hh:hh) Min SLP (hPa)
1 2006/11/21 07:00 - 2006/11/25 03:30973 2006/11/27 06:00 - 2006/12/04 00:00 989
2 2006/12/20 00:30 - 2006/12/24 17:00 934 2006/12/16 00:00 - 2006/12/26 18:00 904
3 2006/12/28 04:00 - 2006/12/30 16:00 980 2006/12/29 12:00 - 2007/01/04 18:00 976
4 2007/01/10 10:00 - 2007/01/16 20:00 933 2006/01/28 06:00 - 2007/02/10 00:00 927
5 2007/01/15 19:30 - 2007/01/25 20:30919 2007/02/05 18:00 - 2007/02/12 00:00 981
6 2007/01/24 17:00 - 2007/01/31 12:00 938 2007/02/11 18:00 - 2007/02/23 12:00 922
7 2007/02/03 14:00 - 2007/02/09 01:00 924 2007/02/19 06:00 - 2007/03/03 00:00 938
8 2007/02/14 23:30 - 2007/02/24 01:00 940 2007/02/20 18:00 - 2007/03/01 06:00 963
9 2007/02/15 18:30 - 2007/02/27 00:00 914 2007/03/07 00:00 - 2007/03/17 06:00 927
10 2007/03/06 18:00 - 2007/03/14 16:30 949 - -
11 2007/03/07 18:30 - 2007/03/12 01:00 959 - -
12 2007/03/15 01:00 - 2007/03/19 12:00 965 - -

TABLE 9. Simulated (NR) and observed (BT) TCs, 2006-2007 Souttain@cean Season.

48



AUSTRALIAN REGION 2005-2006

NATURE RUN BEST TRACK

TC No. | Start - end date (yyyy/mm/dd hh) Min SLP (hPa) | Start - end date (yyyy/mm/dd hh) Min SLP (hPa)
1 2005/11/12 16:00 - 2005/11/15 15:30975 2006/01/06 18:00 - 2006/01/10 18:00 980
2 2005/11/22 19:00 - 2005/11/29 06:00 959 2006/01/11 06:00 - 2006/01/14 06:00 994
3 2005/11/26 14:00 - 2005/11/29 06:30 968 2006/01/13 12:00 - 2006/01/15 06:00 980
4 2005/12/18 18:00 - 2005/12/22 00:00 982 2006/01/18 12:00 - 2006/01/23 12:00 987
5 2005/12/22 08:00 - 2005/12/31 19:30975 2006/01/27 00:00 - 2006/02/02 18:00 963
6 2005/12/26 15:30 - 2005/12/31 17:00 975 2006/02/10 18:00 - 2006/02/17 18:00 967
7 2006/01/04 07:00 - 2006/01/07 02:00 984 2006/02/22 06:00 - 2006/02/24 00:00 989
8 2006/01/07 15:00 - 2006/01/09 21:00 986 2006/02/26 18:00 - 2006/02/28 12:00 997
9 2006/01/08 12:30 - 2006/01/21 19:30 949 2006/03/16 12:00 - 2006/03/21 06:00 937
10 2006/01/18 10:00 - 2006/01/23 07:30 987 2006/03/18 00:00 - 2006/03/25 06:00 963
11 2006/02/08 09:00 - 2006/02/11 15:00 980 2006/03/19 00:00 - 2006/03/27 00:00 927
12 2006/02/09 10:30 - 2006/02/15 11:00938 2006/03/23 12:00 - 2006/03/31 00:00 922
13 2006/02/17 05:00 - 2006/02/23 01:30 937 2006/04/03 00:00 - 2006/04/08 06:00 984
14 2006/02/26 18:00 - 2006/03/01 06:30 935 2006/04/16 18:00 - 2006/04/26 18:00 879
15 2006/03/01 10:30 - 2006/03/07 08:00 985 - -
16 2006/03/04 07:30 - 2006/03/06 21:30 961 - -
17 2006/04/19 22:00 - 2006/04/29 17:00 905 - -

TABLE 10. Simulated (NR) and observed (BT) TCs, 2005-2006 AuatidRegion Season.
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AUSTRALIAN REGION 2006-2007

NATURE RUN BEST TRACK

TC No. | Start - end date (yyyy/mm/dd hh:hh) Min SLP (hPa) | Start - end date (yyyy/mm/dd hh:hh) Min SLP (hPa)
1 2007/01/02 00:00 - 2007/01/06 03:00 932 2006/10/20 12:00 - 2006/10/26 06:00 927
2 2007/01/08 18:30 - 2007/01/10 20:30 985 2006/11/18 18:00 - 2006/11/27 00:00 972
3 2007/01/09 16:00 - 2007/01/18 09:30 941 2006/12/01 00:00 - 2006/12/03 00:00 997
4 2007/01/16 06:30 - 2007/01/24 21:00 949 2006/12/31 00:00 - 2007/01/03 06:00 994
5 2007/01/16 20:30 - 2007/01/24 10:00 940 2007/01/21 06:00 - 2007/01/24 12:00 980
6 2007/01/29 06:00 - 2007/02/06 23:30 940 2007/01/21 06:00 - 2007/01/27 06:00 974
7 2007/02/01 13:30 - 2007/02/07 04:30920 2007/02/01 18:00 - 2007/02/05 18:00 997
8 2007/02/13 10:30 - 2007/02/15 15:00 983 2007/02/02 18:00 - 2007/02/07 06:00 987
9 2007/02/18 13:00 - 2007/02/21 19:30970 2007/02/28 06:00 - 2007/03/10 00:00 941
10 2007/02/25 13:00 - 2007/03/01 09:30 941 2007/03/03 00:00 - 2007/03/12 18:00 967
11 2007/03/02 16:30 - 2007/03/07 17:30 981 2007/03/24 06:00 - 2007/03/29 06:00 944
12 2007/03/09 15:00 - 2007/03/11 23:00 960 2007/03/24 18:00 - 2007/03/29 18:00 970
13 2007/03/13 19:00 - 2007/03/21 04:00 941 2007/04/02 18:00 - 2007/04/06 18:00 982
14 2007/03/21 10:30 - 2007/03/29 21:00 927 2007/05/15 12:00 - 2007/05/23 00:00 1000
15 2007/04/06 01:00 - 2007/04/11 17:30917 - -

16 2007/04/26 19:30 - 2007/04/29 22:30972 - -

17 2007/05/03 00:30 - 2007/05/05 19:30 989 - -

TABLE 11. Simulated (NR) and observed (BT) TCs, 2006-2007 AuatidRegion Season.
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2 MERRA-2 (right), for 2005 (above) and 2006 (below).
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contours every ZC, only values> 8°C are plotted for clarity), with respect to a zonal mean with@ of the
TC center. Vertical coordinate in model levels. Levels Tabd 40 correspond to nominal pressures of 985.00
hPa, 487.500 hPa and 127.837 hPa respectively, at the tepoétige layer. Full conversion table in da Silva et
al. (2015).
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034 FiGg. 7. Structure of GENR 2005 Atlantic TC no. 12, hereafter GBAIR 22005, during its mature phase.
s Above: as Fig. 6. Below: map of total wind (shadeds ) at maximum wind level (approx. 900 hPa) with

s superimposed 1ihs 1, 25ms ! and 32ms ! isotachs (solid).
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w2 2005.
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o3 FiG. 10. Simulated and observed 2005 eastern North Pacific Tdbs fine G5NR (a) and best tracks (b).

« Colors as in Fig 4. Corresponding dates in Table 3.
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FiG. 11. As in Fig. 10, but for 2006. Corresponding dates in Tdble
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o4 FiG. 12. Hovmgller of Equatorial low-level zonal wind in JJA B&cross the central Pacific from the G5NR

«s (left, at level 70) and from MERRA-2 (right, at 950 hPa).
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«s Colors as in Fig 4. Corresponding dates in Table 5.
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FiG. 15. Structure of GENR 2006 western North Pacific TC no. 3 (88NMP032006) (Fig 14 and Table 6).

As in Fig 6, except that both zonal and meridional verticaksrsections are plotted, and temperature anomalies
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FIG. 16. Wind in July 2006 at 900 hPa across the Indian Ocean iGHNMR (above) and in MERRA-2 (below).
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054 Fic. 17. Vertical meridional cross section of the Somali Jetly 2006 and at longitude B8E& in the GENR
s (@above) and in MERRA-2 (below).
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056 FiG. 18. Simulated and observed 2005 North Indian Ocean TCstiners5NR (a) and BT (b). Colors as in
o7 Fig. 4. Corresponding dates in Table 7.
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056 FiGg. 19. Simulated and observed 2006 North Indian Ocean TCs thenG5NR (a) and BT (b). Colors as
so N Fig. 4. Corresponding dates in Table 7. Observed data Siypivoon Dorian (renamed TC 7) crossing the

w0 Malay peninunsula from the Pacific and entering the Bay ofgaéas a tropical depression
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061 FiG. 20. Simulated and observed 2005-2006 South Indian Oceariré® the G5NR (a) and BT (b). Colors

2 asin Fig. 4. Corresponding dates in Table 8.
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%63 FiG. 21. Simulated and observed 2006-2007 South Indian Ocearird@ the G5NR (a) and BT (b). Colors

« asin Fig. 4. Corresponding dates in Table 9.
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965 FiG. 22. Structure of G5NR 2006-2007 South Indian Ocean TC n&idp Z1 and Table 9). As in Fig. 6,

ws except that both zonal and meridional vertical cross-sastare plotted.
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%67 FiG. 23. Simulated and observed 2005-2006 Australian regianfid®n the G5NR (a) and BT (b). Colors as
es 1N Fig. 4. Corresponding dates in Table 10.
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969 FiG. 24. Simulated and observed 2006-2007 Australian regianfid®n the G5NR (a) and BT (b). Colors as
oo in Fig. 4. Corresponding dates in Table 11.
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